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New Factors Predicting Delayed Graft

Introduction
Kidney transplantation is currently the preferred treatment modality for patients with end-stage renal disease [1] . With more widespread use of donors from donation after circulatory death (DCD), the incidence of delayed graft function (DGF) has increased and has become a common complication in kidney transplantation adversely impacting graft outcomes [2, 3] . Many parameters, such as donor age, donor weight, peak panel reactive antibody (PRA) and cold ischemia time (CIT), as well as biomarkers were used to assess the possibility of DGF [4] [5] [6] [7] .
A novel donation concept, organ donation after brain death followed by circulatory death (DBCD), was officially initiated in China in 2011, and could be regarded as a combination of Maastricht donation types 3 and 4 [8] [9] [10] [11] . Despite a planned protocol for mechanical support and subsequent implementation of cardiac death protocols after brain death, the new donation pattern was also expected to be associated with a high risk of DGF because it involves additional warm ischemia time (WIT) [10, 11] . However, little information is available about the factors associated with DGF in DBCD donation.
We therefore carried out this multi-center cohort study involving 383 renal transplant recipients from DBCD to explore factors influencing DGF. Our aim was to identify new factors associated with DGF in DBCD donation which could contribute to improving current risk prediction in DGF and determining optimal interventions to prevent DGF.
Materials and Methods
Study Population
A multi-center, retrospective, observational cohort study was carried out involving 383 kidney transplants from DBCD performed from February 2012 to December 2015. The transplants were performed in three kidney transplant institutions: The Third Affiliated Hospital of Sun Yat-sen University, The First Affiliated Hospital of Jilin University, and The Third Affiliated Hospital of Guangzhou Medical University.
All the donors meet the eligibility criteria as follows: confirmed patient identity; age ≤65 years; no history of kidney disease, drug abuse, or uncontrollable psychotic symptoms; no active infection including HIV, bacteria, or fungus; no history of uncontrolled hypertension or diabetes mellitus with complications; and no history of malignant melanoma, or metastatic or incurable malignancy [10] .
No organs from executed prisoners were used in the study, and procurement of kidneys from all donors was conducted in accordance with the Declaration of Helsinki and the Declaration of Istanbul on Organ Trafficking and Transplant Tourism and approved by the Human Organ Transplantation and Ethic Committee of each institution. Donors' families determined the donation type voluntarily. The Ethics Committees were established according to the Operational Guidelines for Ethics Committees That Review Biomedical Research developed by the World Health Organization, and included physicians, lawyers, statisticians, paramedical personnel, and laypersons [12] . Organs were allocated according to medical urgency and the waiting time of patients on the list, which was coordinated by the China Organ Transplant Response System equitably and transparently [8] .
The definition of brain death was strictly determined by the exclusion of confounders, as well as the presence of three essential findings, namely, irreversible coma, absence of spontaneous motor activity, and absence of all brain-stem reflexes. All three of the above requirements must be satisfied in clinical examinations, and at least two of three confirmatory laboratory test requirements should be satisfied according to the National Guidelines for Donation after Cardiac Death in China [10] . To determine the cessation of respiratory function, an apnea test should be carried out before declaration of brain death as follows: after mechanical ventilation and vasopressors withdrawn, 100% O 2 at a flow rate of 6 L/min was administered to the patient via tracheal intubation for 8-10 min. Breathing movements should be closely observed and arterial blood gas analysis should be performed finally. Cessation of spontaneous respiratory function was defined as no breathing movement with PaCO 2 equal or greater than 60 mmHg or a rise of 20 mmHg more than basal level. Brain death of each donor was adjudicated independently by two neurologists or neurosurgeons [10, 13] .
Cardiac death was legally defined as irreversible cessation of circulatory function, based on definitive proof by confirmatory tests, such as electrocardiography, intra-arterial monitoring, or Doppler ultrasound. An observation period of 5 min was also employed, prior to confirmation of death, to ensure the irreversibility and permanence of cardiac death [10] .
Organ Procurement and Management
Organ donation and recovery were coordinated by an organ procurement organization established by the National Health and Family Planning Commission of China. For DBCD donors, following determination of brain death, written consent was obtained for donation of the kidney and withdrawal of life support. The obtained consent for donation was then reported to the organ donation committee, which supervised the process of DBCD.
Donors were monitored with invasive blood pressure sensors in the operating room. Following condolences, mechanical ventilation and vasopressors were withdrawn, and vital signs continued to be monitored. The definition of cardiac death was determined according to the aforementioned criteria, and after 5 min of observation following cardiac arrest, death was declared, and organ recovery initiated. According to the national guidelines in China, WIT was recorded from the termination of life support to the hypothermic perfusion of the graft, and CIT was recorded as the duration from hypothermic perfusion to blood reperfusion during transplantation surgery. The WIT of the kidney grafts was limited to less than 60 min [10] . Zero-time biopsies were also performed when deemed necessary.
Immunosuppressive Regimen
Either rabbit antithymocyte globulin (ATG) or anti-interleukin-2 receptor antibody (basiliximab) was administered as induction therapy. Additionally, methylprednisolone (500 mg/day) was continuously administered intravenously during the first 3 days postoperatively. Maintenance immunosuppressive regimens consisted of a calcineurin inhibitor, mycophenolate mofetil, and prednisone. Mycophenolate mofetil was initiated immediately after transplantation and maintained at a daily dose of 1.0-1.5 g. Tacrolimus or cyclosporine was started on Days 2-4 at 0.1-0.15 mg/kg/day or 6-8 mg/kg/day, respectively, according to the level of recovery of renal graft function. The immunosuppressive regimens were adjusted to achieve target therapeutic trough levels in peripheral blood. Oral administration of prednisone, initiated at 30 mg/day on Day 4 following transplantation, was reduced by 5 mg every week to a maintenance dose of 10-15 mg/day.
Data Collection
Baseline clinical demographics of donors were documented, including age, sex, body mass index, medical history, terminal serum creatinine, cause of death, intensive care unit time, WIT, CIT, use of vasoactive drugs, and CPR. Recipient variables included age, sex, preoperative serum creatinine, human leucocyte antigen (HLA) mismatches, PRA, duration of dialysis, and history of previous transplant. HLA mismatching between donor and recipient was categorized according to differences at the HLA-A, HLA-B, and HLA-DR loci, with 0-1 of 6 possible mismatches categorized as level 1, 2-4 mismatches as level 2, and 5-6 as level 3 [14] . Positive PRA was defined as peak PRA > 10% in our study.
The definition of DGF in our study is the use of dialysis in the first postoperative week, or failure of serum creatinine to decrease by 10% in the first 48 h following transplantation [15] .
Statistical Analysis
Differences in clinical characteristics of recipients and donors in DBCD were examined using the t-test for continuous variables or the Chi-squared test for discrete variables. P-values were derived from likelihood ratio tests. Risk factors for DGF were evaluated using a multivariable binary logistic regression modeling technique.
Predictive accuracy of risk factors was assessed using the receiver operating curve (ROC) of a plot of sensitivity versus 1-specificity for different threshold probabilities of DGF. The threshold probabilities were arbitrary cut points used to classify patients as DGF and non-DGF.
After developing the logistic regression model, independent data from 38 recipients were used to validate the clinical value of this model. Missing data were assumed to be missing completely at random, and incomplete data entries were not included in our analyses. To compare the clinical value of this developed model, we also used the web-based DGF risk calculator developed by Irish et al. (www.transplantcalculator. com/DGF) to obtain a predicted probability of developing DGF [4] . The areas under the ROCs (AUCs) were compared using the method of DeLong et al. [16] .
All analyses were performed with Statistical Package for Social Science 22.0 for Windows (IBM Corp., Armonk, NY). A value of p < 0.05 was considered as statistical significance.
Results
Donor and Recipient Characteristics
Qualitative and quantitative variables were described for 199 donors and 383 recipients of DBCD in Tables 1 and 2 . For donors, mean age was 40.4±13.0 years with 61.3% older than 40 years, and 84.9% were men. The most frequent cause of death was head trauma (53.3%), followed by cerebrovascular accident (42.2%) and others (4.5%); 21.6% of the donors had a history of hypertension, and 6% had diabetes or heart disease. In 76.9% of the donors, vasoactive drugs were used before organ procurement .8.5% of donors had received CPR. Terminal serum creatinine was 149.9±55.9 μmol/L. Mean duration of CIT and WIT was 5.5±2.2h and 16.2±5.2 min, respectively.
For recipients, mean age was 42.5±11.1 years and 62.4% were men; 97.7% were recipients of first transplants, and only 2.3% had previous transplantation. The mean preoperative serum creatinine level was 931.2±287 μmol/L, with a mean dialysis duration of 1.3±1.0 years. PRA was positive in 12 (3.1%) recipients and 274 recipients had 0-1 of 6 possible mismatches at the HLA-A, -B, and -DR loci. Use of ATG as induction therapy was more common than use of anti-interleukin-2 receptor antibody (76% with ATG vs. 24% with anti-interleukin-2 receptor antibody, p < 0.05).
Donor and Recipient Characteristics Related to DGF
As shown in Tables 1 and 2, 19 .3% of recipients developed DGF 1 week postoperatively. Donors using vasoactive drugs were more likely to develop DGF compared with those who did not use vasoactive drugs (22.9% vs. 8.7%, p = 0.035). Donors with a history of CPR had a higher incidence of DGF (47.0% in CPR vs. 17.0% in no CPR, p = 0.007). According to a previous published study, WIT was divided into two groups: ≥ 18 min and >18 min [17] . In WIT >18 min, 31.5% had developed DGF compared with 15.2% in WIT ≤18 min (p = 0.015). In recipients, patients with ATG as induction therapy had significantly lower incidence of DGF compared with anti-interleukin-2 receptor antibody (8.6% in ATG vs. 53.3% in antiinterleukin-2 receptor antibody, p < 0.05).
A matched group in which paired recipients received graft donations from the same donors was investigated (Table 3 ). Based on their induction therapies, 50 recipients who received graft donations from the same donors were screened out and divided into an ATG group (n = 25) and an anti-interleukin-2 receptor antibody group (n = 25). Patients who received ATG had significantly lower incidence of DGF compared with those who received anti-interleukin-2 receptor antibody (4.0% vs. 36.0%, p = 0.005).
Predictive Model Development and Validation
Predictive factors for DGF were studied using a multivariable binary logistic regression modeling technique. The results of the final model are presented in Table 4 . The four most significant factors associated with DGF were use of vasoactive drugs (odds ratio [OR] yes vs. no = 3.15; 95% CI = 1.39-7.14), CPR (OR yes vs. no = 2.51; 95% CI = 1.05-6.00), ATG used as induction therapy (OR yes vs. no = 0.48; 95% CI = 0.27-0.86), and WIT group (OR >18 min vs. ≤18 min = 2.42; 95% CI = 1.36-4.32).
To validate the clinical value of this model, independently analyzed data including 38 kidney transplants performed in The Third Affiliated Hospital of Sun Yat-sen University from January 2016 to January 2017 were used to plot the ROC determined by the final model. None of the patients used vasoactive drugs, and 2 had received CPR; 7 patients had WIT > 18 min, and 31 had WIT ≤ 18 min. A total of 34 patients had received ATG as induction therapy and 4 had received anti-interleukin-2 receptor antibody. Mean HLA mismatch was 2. Terminal serum creatinine was 168.7±112.9 μmol/L, and mean body weight was 58.8±15.5 kg. Of the 38 independent patients, 5 had DGF (13.2%).
The AUC was 0.78 (95% CI 0.61-0.90). Optimal operation point of this predictive model was 0.32, with a sensitivity of 80.0% and a specificity of 81.8% (Fig. 1) .
We combined our predicted factors with Irish's model to assess probability of DGF [4] . The combined prediction model demonstrated an AUC of 0.89 (95% CI 0.75-0.97 0.61-0.90) compared with 0.75 (0.59-0.88) and 0.78 (0.61-0.90) for Irish's model and our prediction model, respectively (Fig. 2) . Fig. 1 . Predictive accuracy of the delayed graft function (DGF) model determined by receiver operating curve (ROC). The predictive accuracy of the DGF model was validated by use of data from brain death followed by circulatory death (DBCD) renal transplant recipients. The ROC shows considerable ability of the index to correctly classify DGF at varying levels of risk. The area under the ROCs (AUC) for the validation of the model using these data was 0.78. The optimal operation point of this predictive model was 0.32, with a sensitivity of 80% and specificity of 81.8%. 
Discussion
This is the first multi-center study to explore factors associated with DGF in DBCD donation. We identified two novel parameters, use of vasoactive drugs and CPR in donors, as independent risk factors for DGF in kidney transplantation from DBCD donors. ATG as induction also proved to be an independent protective factor for DGF, with prolonged WIT also having predictive value for DGF. This predictive model of DGF in DBCD showed a good degree of discrimination when combined with current predictive parameters.
As novel independent risk factors of DGF, use of vasoactive drugs and CPR were useful to optimize donor management and improve graft outcomes. Our data showed that 89.7% and 20.5% of grafts developing DGF originated from donors that had used vasoactive drugs and had received CPR, respectively, which was significantly different from grafts without a history of vasoactive drug use or CPR. Use of vasoactive drugs and CPR in donors could increase DGF risk by 3.15-and 2.51-fold. Vasoactive drugs and CPR increase the incidence of DGF by causing widespread renal vascular sclerosis and glomerular sclerosis, which are themselves precursors of acute kidney injury and thus increase the incidence of DGF. It has been reported that repeated CPR could exert a more severe adverse effect on transplanted kidneys [18] . Furthermore, renal ischemia/reperfusion injury (IRI) mediated by vasoactive drugs and CPR could cause functional impairment through multiple factors, such as renal vasoconstriction, tubular obstruction, tubular back-leakage of glomerular filtrate, reduced glomerular permeability, and apoptosis, all of which inevitably exert adverse effects on DGF [19] . Generally, grafts may also be compromised by the use of vasoactive drugs and CPR in other donation classifications, so we considered that the two novel factors may also be suitable for predicting DGF in DCD and DBD, not just for DBCD. Hence, efforts to optimize vasoactive drug dose and frequency of CPR should be areas of further research.
ATG as induction therapy in DBCD can be recommended as a protective factor in DGF. In our study, the incidence of DGF in DBCD was just 19.3%, similar to previous results in DBD [20] . We surmised that decreased DGF was associated with ATG as induction therapy. In another report, ATG has already been shown to decrease DGF risk [21] [22] [23] . A recent randomized trial showed that 31.5% of patients in an ATG group developed DGF compared with 44.6% using anti-interleukin 2 receptor antibody treatment. Chapal et al. also found five explicative variables that contributed significantly to DGF prediction, and demonstrated that risk of DGF was reduced 1.73-fold in patients with ATG [6] . Other studies also demonstrated significantly lower rates of DGF in ATG-induced DCD recipients [24] [25] [26] . Our results demonstrated that ATG as induction therapy in DBCD donation could reduce the risk of DGF by more than half. Furthermore, a matched group where paired recipients received graft donations from the same donors also confirmed this finding. The protective effect of ATG on the incidence of DGF may be attributed to limiting leukocyte activation, renal graft infiltration, and cytokine release, which are involved in tissue damage and early graft dysfunction. The use of calcineurin inhibitors was also delayed by ATG induction therapy, which was likely to have a positive impact on immediate graft function [27] . Moreover, significant differences were found in a primate model between ATG-treated and ATGfree groups concerning blood flow velocity, leukocyte count, and leukocyte-endothelium interaction after ischemia/reperfusion, which suggests that the protective effect of ATG may partly be due to these findings [28] .
Consistent with other studies, our findings suggest that prolonged WIT was particularly detrimental to kidneys from DBCD donation, and was associated with a higher risk of DGF [29, 30] . WIT of > 18 min increased DGF risk 2.42-fold compared with < 18 min. Prolonged WIT causes severe adverse events related to IRI and acute kidney injury, all of which inevitably adversely affect graft recovery and increase the risk of DGF [21, 22] . However, in our study, the average WIT of kidney obtained from DBCD was limited to 16.2±5.2 min, which was much lower than an average of 27 min through DCD [31] . The shorter WIT in DBCD contributes to reducing IRI and irreversible cell and tissue damage, and leads to better graft function recovery, which ultimately results in lower risk of DGF.
We combined our predictive factors with Irish's model to assess the probability of DGF and achieved an AUC of 0.89. Given that our predictive factors were different from those used in Irish's model, we suggest that the factors identified in our study can be used as riskpredicting parameters complementary to current DGF models in order to achieve greater accuracy and higher clinical value in predicting DGF.
As always for such observational studies, several limitations have to be underscored. Firstly, other confirmed predictive factors such as body mass index, duration of dialysis pretransplantation, longer CIT, and increasing donor age failed to be recognized in our study due to its insufficient size. Secondly, the 38 independent patients whose data were used to plot the ROC determined by the final model were from a single transplantation center. Therefore, further external validation is required in other institutions. Finally, the period of cardiopulmonary arrest requiring CPR, and the dosage range of vasoactive drugs predisposing to DGF need to be further determined. Despite the high quality of this methodology, more parameters should be assessed to develop the prediction model in a further large-scale study.
Conclusion
Our study is the first to confirm that use of vasoactive drugs and CPR in donors were significantly associated with DGF in DBCD. Apart from the risk factors confirmed in DBCD donation, it may be also suitable for predicting DGF in DBD and DCD donation because of the universality of such risk factors. The predictive factors can be used as complementary parameters to achieve greater accuracy and higher clinical value based on the current predictive model.
